Abstract: A series of novel caffeoylquinic acid derivatives of chlorogenic acid have been designed and synthesized. Biological evaluation indicated that several synthesized derivatives exhibited moderate to good lipid-lowering effects on oleic acid-elicited lipid accumulation in HepG2 liver cells. Particularly, derivatives 3d, 3g, 4c and 4d exhibited more potential lipid-lowering effect than the positive control simvastatin and chlorogenic acid. Further studies on the mechanism of 3d, 3g, 4c and 4d revealed that the lipid-lowering effects were related to their regulation of TG levels and merit further investigation.
Introduction
Hyperlipidemia is among the key risk factors for cardio-vascular diseases (CVD), inducing essential hypertension (EHT), coronary heart disease (CHD), heart failure, atherosclerosis (AS), and sudden cardiac death (SCD). Several studies [1] [2] [3] [4] [5] have provided evidence that low-density lipoprotein cholesterol (LDL-c) has been considered as the main risk factor of CHD and AS [6, 7] , and the increased circulating levels of triglycerides (TG) show a significant influence on CHD and AS [8, 9] . Therefore, it is quite beneficial to research and explore anti-hypolipidemic agents that could modulate the dysregulation of lipid metabolism and decrease the elevated levels of serum TG [10] .
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Results and Discussion

Chemistry
The synthesis of derivatives 3a-g and 4a-g is outlined in Scheme 1. The naturally abundant chlorogenic acid (1) was treated with dimethyoxypropane (DMP) and p-toluenesulfonic acid (TsOH) in dry acetone to obtain chlorogenic acid ketal derivative 5. Compounds 3a-g were attained via amidation with various amines (n-butylamine, isobutylamine, n-octylamine, propargylamine, benzylamine, piperidine, and cyclohexylamine) of 1-position carboxyl group of compound 5 in BOP (benzotriazol-1-yl-oxytris (dimethylamino) phosphoniumhexa-fluorophosphate) and DIEA (dimethyltriethylamine) conditions, and then followed by deprotection at 4,5-position ketal in the presence of a TFA/DCM (trifluoroacetic acid/ dichloromethane) solution, to gain compounds 4a-g.
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Biological Results and Discussion
Lipid-Lowering Effects of Chlorogenic Acid and Compounds 3a-g and 4a-g on Oleic AcidElicited Lipid Accumulation in HepG2 Liver Cells
The lipid-lowering effects of chlorogenic acid and its derivatives against oleic acid-elicited lipid accumulation in HepG2 liver cells were detected using the Oil red O staining assay. The MTS assay indicated that 10 μmol/L chlorogenic acid derivatives 3a-3g ( Figure 3a ) and 4a-4g ( Figure 3b ) displayed no cytotoxicity, within 24 h, to HepG2 liver cells. Oil red O staining results showed that some derivatives exhibited moderate to good regulation effects on oleic acid-elicited lipid accumulation in HepG2 liver cells. As shown in Figure 3c -d, the preliminary test of compounds 3a-g and 4a-g at 10 μmol/L revealed that 3d, 3f, 3g, 4a, and 4c-g better moderated the lipid-lowering effects of HepG2 cells. Treatment of HepG2 liver cells with compounds 3d, 3g, 4a, and 4c-g exhibited better regulating effects than chlorogenic acid (CA). The absorbance decreased from 0.261 (with oleic acid treatment alone) to 0.249, 0.255, and 0.249 after treatment with 10 μmol/L compounds 3d, 3f, and 3g in Figure 3c , respectively. In Figure 3d , the absorbance decreased from 0.282 (oleic acid alone) to 0.271, 0.267, 0.270, 0.273, 0.271, and 0.272 after treatment with 10 μmol/L derivatives 4a and 4c-g in Figure 3b , respectively. The Oil red O staining images are shown in Figure 3e . Among them, derivatives 3d, 3g, 4c, and 4d exhibited more potent regulation effects than the others, after treatment 
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for 24 h, which suggests that 3d, 3g, 4c, and 4d deserve further evaluation as potential hypolipidemic agents for regulation on oleic acid-elicited lipid accumulation in HepG2 liver cells. The primary structure-activity relationships (SARs) suggested that, compared to the positive groups, simvastatin (SimV) and chlorogenic acid (CA), the amide derivatives of chlorogenic acid with 4, 5-position hydroxyl groups substituted by ketal had weaker potency than those with 4, 5-position hydroxyl groups exposed. Beyond that, the derivatives 3-4d, 3-4f, and 3-4g with propynylamine, piperidine and cyclohexylamine groups could better regulate lipid accumulation after oleic acid treatment, indicating that the introduction of propargyl, piperidyl, and cyclohexyl groups could ameliorate lipid accumulation. Among them, derivative 3-4d exhibited more potent lipid-lowering effects compared to the other compounds, which means that the propargyl group is a favourable The primary structure-activity relationships (SARs) suggested that, compared to the positive groups, simvastatin (SimV) and chlorogenic acid (CA), the amide derivatives of chlorogenic acid with 4, 5-position hydroxyl groups substituted by ketal had weaker potency than those with 4, 5-position hydroxyl groups exposed. Beyond that, the derivatives 3-4d, 3-4f, and 3-4g with propynylamine, piperidine and cyclohexylamine groups could better regulate lipid accumulation after oleic acid treatment, indicating that the introduction of propargyl, piperidyl, and cyclohexyl groups could ameliorate lipid accumulation. Among them, derivative 3-4d exhibited more potent lipid-lowering effects compared to the other compounds, which means that the propargyl group is a favourable substituent for regulation of lipid accumulation in HepG2 liver cells. However, derivatives 3-4b, including isobutyl group, were inert, suggesting that the isobutyl group was negative factor in the derivatives. In addition, the above derivatives show lipid-lowering effects in Figure 3a -b, illustrating that the 1-position carboxyl group and 4, 5-position hydroxyl groups of chlorogenic acid were not essential groups for regulating lipid effects and different groups on the 1-position carboxyl group influenced lipid-lowering activities obviously. 3d, 3g, 4c , and 4d Toward Triglycerides On account of the preferable potency and typical structure, derivatives 3d, 3g, 4c, and 4d were chosen for further investigation with simvastatin and chlorogenic acid. We measured the levels of TG in HepG2 liver cells and found that consumptions of 3d, 3g, 4c, and 4d markedly reduced the content of TG in liver cells (49.63%, 48.56%, 49.00%, and 48.72% by 10 µmol/L derivatives, respectively). The efficacy of 3d, 3g, 4c, and 4d in decreasing TG levels was a little weaker than that of simvastatin, but better than that of chlorogenic acid, in decreasing TG levels at 10 µmol/L (Figure 4 ). Taken together, these results indicate that derivatives 3d, 3g, 4c, and 4d inhibited TG levels markedly on oleic acid-elicited lipid accumulation in HepG2 liver cells.
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Experimental Section
General Information
All the reagents were used without further purification unless otherwise specified. Solvents were dried and redistilled prior to use in the usual manner. Analytical TLC was performed using silica gel HF254. Preparative column chromatography was performed with silica gel H. 1 H and 13 C-NMR spectra were recorded on a Bruker Advance III 600 MHz spectrometer. HRMS was obtained on a Thermofisher LTQ-Obitrap XL. Chlorogenic acid, DMP (Dimethyoxypropane), TsOH (p-Toluenesulfonic acid), BOP (Benzotriazol-1-yl-oxytris (dimethylamino)phosphoniumhexa-fluorophosphate), DIEA (Dimethyltriethylamine), TFA (trifluoroacetic acid), and DCM (dichloromethane) were purchased from the Energy Chemical Company. Dulbecco's modified Eagle medium (DMEM) fetal bovine serum was purchased from Corning Inc (Corning, CA, USA). Penicillin and streptomycin were procured from 
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All the reagents were used without further purification unless otherwise specified. Solvents were dried and redistilled prior to use in the usual manner. Analytical TLC was performed using silica gel HF254. Preparative column chromatography was performed with silica gel H. 1 H and 13 C-NMR spectra were recorded on a Bruker Advance III 600 MHz spectrometer. HRMS was obtained on a Thermofisher LTQ-Obitrap XL. Chlorogenic acid, DMP (Dimethyoxypropane), TsOH (p-Toluenesulfonic acid), BOP (Benzotriazol-1-yl-oxytris (dimethylamino)phosphoniumhexa-fluorophosphate), DIEA (Dimethyltriethylamine), TFA (trifluoroacetic acid), and DCM (dichloromethane) were purchased from the Energy Chemical Company. Dulbecco's modified Eagle medium (DMEM) fetal bovine serum was purchased from Corning Inc (Corning, CA, USA). Penicillin and streptomycin were procured from Hyclone (South Logan, UT, USA). Simvastatin, oil-red O, oleic acid (OA), and dimethyl Sulphoxide DMSO were purchased from Sigma-Aldrich (St. Louis, MO, USA). The kits for Triglyceride (TG) were purchased from Jian Cheng Biotechnology Company (Nanjing, China). The Total RNA extraction reagent Trizol (Ambion, Austin, TX, USA), the PrimeScript RT reagent kit, and the SYBR-Green PCR kit were purchased from Transgene Biotech, Inc. (Beijing, China).
Chemistry
Procedure for the Synthesis of Intermediate 5
To a suspension of chlorogenic acid (7.0 g, 19.8 mmol) in dry acetone (60 mL) and DMP (40 mL), catalytic amount of TsOH (50 mg, 0.26 mmol) was added. Then the reaction mixture was stirred at room temperature for 30 min. Reaction was monitored by TLC. The crude mixture was neutralized with Na 2 CO 3 powder to pH 6. Then the suspension was filtered out and the filtrate was evaporated and the crude product was subjected to column chromatography (eluent: PE-EtOAc, 1:1) to offer a pure light-yellow solid compound 5 (6.8 g, 87% yield).
General Procedure for the Synthesis of Compounds 3a-g
To a mixture of compound 5 (2.4 g, 6.1 mmol) and BOP (2.7 g, 6.1 mmol) in dry THF (100 mL), organic base DIEA (1.6 g, 12.2 mmol) was added and stirred at room temperature under N 2 air. Then various amines (n-butylamine, isobutylamine, n-octylamine, propargylamine, benzylamine, piperidine, and cyclohexylamine) (6.7 mmol) were dropped and reacted respectively for 4-16 h. When complete, the reaction solvent was evaporated and the crude product was subjected to column chromatography (eluent: DCM-CH 3 OH, 10:1) to gain pure compound 3a-g as a light-yellow solid. 
General Procedure for the Synthesis of Compounds 4a-g
A mixture of compound 3a-g (1.7 mmol) and TFA-DCM-H 2 O (10 mL) was stirred and reacted for 4 h at room temperature. Then the reaction solvent was concentrated and the residue was purified by silica gel column chromatography (eluent: DCM-CH 3 OH, 8:1) to get pure compound 4a-g as a light-yellow solid. HepG2 cells were originated from American Type Culture Collection (ATCC) (Manassas, VA, USA) and obtained from the Peking Union Medical College (Beijing, China). HepG2 cells were cultured in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum, 1% penicillin, and streptomycin at 37 • C in a 5% CO 2 atmosphere. When grown to 70%-80% confluence, cells were incubated in serum-free DMEM containing 100 µmol/L oleic acid and co-treated with 10 µmol/L of simvastatin or chlorogenic acid, compound 3a-g, and 4a-g for 24 h respectively. Cells maintained in serum-free DMEM were used as the blank control. Compounds were dissolved in dimethyl sulphoxide (DMSO) and an equal volume of it was added in the control group.
Cell Viability Assay
Cell viability was examined using MTS assay. HepG2 cells in 96-well culture plates were treated with 10 µmol/L compounds. The cells were incubated for 24 h and the MTS reagent was added to each well according to the instruction of CellTiter 96®Aqueous One Solution Cell Proliferation Assay (promega corperation, Beijing, China). The absorbance at 490 nm was measured using a microplate reader (ThermoFisher Ltd., Shanghai, China).
Oil red O staining
The cells with 70-80% confluence in 96 well plates were incubated in serum-free DMEM + OA (oleic acid) (100 µmol/L) and 10 µmol/L of chlorogenic acid, compound 3a-g, and 4a-g, respectively, or the positive control simvastatin (10 µmol/L), for 24 h. Cells were then fixed with 4% w/v paraformal deyde (30 min, room temperature) and stained with 0.5% filtered oil-red O solution (15 min, room temperature). The staining was evaluated by a Tecan Infinite M1000Pro Microplate Reader and spectrophotometry at 358 nm.
Intracellular TG Quantification
HepG2 cells with 70-80% confluence in 6 well plates were incubated in serum-free DMEM + OA (100 µmol/L) and 10 µmol/L of chlorogenic acid, compound 3a-g, and 4a-g, respectively, or the positive control simvastatin (10 µmol/L) for 24 h. The cells were subjected to TG quantification as introduced by the protocol of Triglyceride Quantification Kit. Each experiment was repeated in triplicate, with duplicates each.
Statistical Analysis
Data are expressed as mean ± SEM. One-way ANOVA was used to determine significant differences among groups, after which the modified Students t-test with the Bonferroni correction was used for comparison between individual groups. All statistical analyses were performed with SPSS 17.0 software (SPSS Inc., Chicago, IL, USA). The value p < 0.05 was considered statistically significant.
Conclusions
In summary, fourteen caffeoylquinic acid derivatives of chlorogenic acid were designed, synthesized, and evaluated for their lipid-lowering effects. Several of the derivatives showed potent lipid-lowering activity against oleic acid-elicited lipid accumulation in HepG2 liver cells. Particularly, derivatives 3d, 3g, 4c, and 4d exhibited more potential lipid-lowering effect than the positive simvastatin and chlorogenic acid. Preliminary SAR analysis has shown that the propargyl group of the amide derivatives had a good impact on the protective effect. Further research on mechanism of 3d, 3g, 4c, and 4d revealed that it was related to the regulation of TG levels. These above results suggest that derivatives 3d, 3g, 4c, and 4d may be a promising therapeutic candidate as potential hypolipidemic agents. Further studies to design the derivatives of chlorogenic acid coupled with naturally occurring kinds of amino acids, as well as to explore the mechanism of action of this novel class of compounds is, planned to start in our group in the near future [21] [22] [23] .
